Learned enhancement of EEG frequency components in the lower beta range by means of biofeedback has been reported to alleviate attention de®cit hyperactivity disorder (ADHD) symptoms. In order to elucidate frequency-speci®c behavioural effects and neurophysiological mediators, this study applied neurofeedback protocols to healthy volunteers, and assessed impact on behavioural and electrocortical attention measures. Operant enhancement of a 12±15 Hz component was associated with reduction in commission errors and improved perceptual sensitivity on a continuous performance task (CPT), while the opposite relation was found for 15±18 Hz enhancement. Both 12±15 Hz and 15±18 Hz enhancement were associated with signi®cant increases in P300 event-related brain potential amplitudes in an auditory oddball task. These relations are interpreted as stemming from band-speci®c effects on perceptual and motor aspects of attention measures.
INTRODUCTION
Various parameters of the electroencephalograph (EEG) are modi®able through operant conditioning in both animals [1] and humans [2] . This feat of intentional modulation of cortical activity is usually achieved through a training process involving real time representation of EEG parameters to the trainee participant (i.e. biofeedback), paired with positive reinforcement to facilitate successful operant learning of the desired response. For example, slow cortical potential shifts have been conditioned to enable braincomputer communication in paralysed patients [3] , and have been used to modulate cortical excitability in epileptic patients [4] . Another means of reducing epileptic seizure incident has been the conditioned enhancement of a low beta band 12±15 Hz rhythm (sensorimotor rhythm; SMR) over sensorimotor cortex [5] . The same protocol of SMR enhancement has been successfully extrapolated to the treatment of hyperkinetic symptoms in hyperactivity disorder (HD) [6] . SMR conditioning, in combination with operant enhancement of higher beta band components such as 15±18 Hz (beta1), and suppression of slower 4± 8 Hz (theta) activity, has been found to alleviate attention de®cit disorder/attention de®cit hyperactivity disorder (ADD/ADHD) symptoms [7] with an ef®cacy comparable to that of stimulant medication [8, 9] .
As clinical improvements after neurofeedback training are typically accompanied by a normalising of the EEG frequency spectrum, it has been suggested that EEG biofeedback may facilitate long-term modulation of excitation levels in thalamocortical networks [10] . A conception of neurofeedback training as a generic tool for stimulating cerebral arousal regulation would seem to offer great promise of potential applications both in pathologies of characteristic EEG signatures and in improving attention performance in healthy subjects. However, in spite of the generally accepted notion of SMR training being associated with a reduction in hyperactivity, and enhancement of higher beta components (15±22 Hz) as addressing de®cits in attentiveness [7] , to date there exists no unambiguous documentation of such protocol speci®city, nor of possible neurophysiological mediators underlying the training's ef®cacy.
In order to investigate these aspects pertaining to low beta band conditioning, in the study reported here, a group of healthy subjects were trained on protocols of SMR and beta1 enhancement, with a go/no-go sustained attention test employed as a behavioural measure of attention prior and subsequent to training. Post-neurofeedback outcome measures in ADD/ADHD samples have typically documented improved performance on sustained attention go/ no-go continuous performance tasks (CPT), representing increased overall ef®cacy of stimulus detection, evaluation, and subsequent selection and execution of the appropriate behavioural response. As the neurophysiological dynamics underlying the detection and evaluation of task-relevant stimuli have been extensively researched by analysis of event-related brain potentials (ERPs) in traditional oddball paradigms, we furthermore assessed the effects of learned EEG self-regulation on electrocortical processing during target detection in an auditory oddball task.
Of particular interest in relation to the demand-characteristics of go/no-go attention measures, was the target-P300 (P3b) ERP component. P3b amplitude, peaking in parietal areas but also evident in frontocentral scalp regions, is affected by the subjective probability of stimulus occurrence [11] , by stimulus meaning (as de®ned by task complexity, stimulus complexity, and its motivational value [12] ), and by task relevance as de®ned by allocation of attentional resources [13] . The P3b has thus been conceptualised as stemming from neuronal systems serving to update biologically relevant stimulus environment information in working memory [14] . While children suffering from ADHD typically exhibit smaller P3b amplitudes than controls [15] , it is not known whether changes in the processes underlying the P3b may in any way mediate the ef®cacy of EEG biofeedback training. Operant contingencies were such that rewards (points displayed on screen) were gained whenever the trainee enhanced either beta1 (in the beta1 protocol) or SMR (in the SMR protocol) without concurrent rises in theta and high beta, relative to a 2 min pre-feedback baseline measure. The active scalp electrode was placed at C3 for beta1, and at C4 for SMR training, with reference placed on ipsilateral, and ground electrode on the contralateral earlobe respectively. Impedance was kept , 5 kÙ, and artefact rejection thresholds were set, for each subject individually, to suspend feedback when eye movements or other motor activity would cause gross EEG¯uctuations. Participants took part in twice-weekly training sessions over the course of 5 weeks. Each session consisted of training both SMR and beta1 protocols for 15 min each, consisting of ®ve 170 s feedback periods with 10 s breaks between them. The workings of the feedback loop were explained to the participants, and they were instructed to let the feedback process guide them into learning how to maximise their point score. Indices of relative success at feedback learning were de®ned by the number of periods (170 s) within each session that Ss managed to raise mean absolute and relative (with respect to inhibit bands) amplitude in the target band above the mean values of the preceding period.
MATERIALS AND METHODS

Twenty
EEG on an oddball task was recorded from 28 locations placed according to the standard 10-20 system, using an ECI Electro-Cap. Electrooculograph (EOG) was recorded using tin cup electrodes and EEG data were EOGcorrected off-line. Electrodes were referenced to linked earlobes (off-line) and the ground electrode was placed 1.5 cm anterior to the central frontal (FZ) electrode. Impedance was kept , 5 kÙ. Data were digitised at a sampling rate of 500 Hz and passed through a 0±100 Hz bandpass ®lter (24 dB/octave roll-off). Recording, digitisation and subsequent off-line data processing were carried out with a SynAmps ampli®er and Neuroscan (version 4.1) system (Neuroscan Labs, Sterling, VA).
The oddball task consisted of 500 stimuli, presented monaurally in pseudo-random sequence, with an average inter-stimulus interval of 1 s that was randomly varied by 100 ms. Stimuli consisted of pure sinusoidal tones of 85 dB intensity and 40 ms duration (rise and fall time instantaneous), generated by a Neurosoft Sound program and were presented monaurally in a pseudo-random sequence through headphones by the Neuroscan Stim interface system (Neuroscan Labs, Sterling, VA). The stimuli differed in pitch (low pitch 1000 Hz vs high pitch 1100 Hz), task relevance (attended vs unattended), and frequency of occurrence (frequent/standard vs rare/deviant). Ss were instructed to attend only to the left ear channel (task relevant) and discriminate between low pitch standard tones ( p 0.4) and high pitch deviant target tones ( p 0.1) by pressing a response button to the target stimuli, whilst ignoring the presentation of irrelevant standards ( p 0.4) and irrelevant deviants ( p 0.1) in the right ear channel.
Corrected data were epoched into periods of 600 ms, starting 100 ms prior to the stimulus onset. Epochs were baseline corrected for the 100 ms pre-stimulus interval, and any epochs containing EEG¯uctuation exceeding AE 100 ìV were rejected as artefact-contaminated. The remaining epochs were ®ltered (highpass 0.5 Hz, lowpass 30 Hz) and averaged for each subject individually. P300 peak amplitude was de®ned as the highest positive de¯ection at frontal, central and parietal electrodes within a poststimulus time interval of 250±400 ms for attended target stimuli. Only trials of correct responses were used in the analysis. Due to non-compliance and equipment failure, valid EEGs were obtained from 15 of the 22 participants only. Pre-and post-training EEG recordings were carried out at approximately the same time of day for each subject and inter-test interval was $12 weeks.
As a sustained attention measure, the Test of Variables of Attention (TOVA, Version 7, Universal Attention Disorders Inc.: Los Alamitos, CA) was administered prior and subsequent to the SMR/beta1 training regime. The task requires participants to respond to a target stimulus while refraining from responding to a non-target stimulus. Visual target and non-target stimuli were presented for 100 ms with an inter-stimulus interval of 2 s for 22.6 min, with the ratio of targets to non-targets varying between the ®rst (1:3.5; infrequent target condition) and the second half of the test (3.5:1; frequent target condition). Dependent variables recorded are errors of commission and omission, reaction time (RT) and reaction time variability (RTV). A further measure calculated that takes into account both of these error types is that of perceptual sensitivity or d9, which expresses a ratio of hit rate to false alarm rate, derived from signal detection theory [16] . The inter-test interval between the ®rst and second assessments was $7 weeks, with the latter carried out about 1 week after the ®nal EEG biofeedback session.
RESULTS
Comparing pre-and post-training measures, a signi®cant reduction in number of commission errors (t(d.f. 21) 3.29, p , 0.005; Fig. 1a Fig.  1b . While relative success at learning the two protocols correlated positively (r 0.65, p , 0.01), partial correlations showed that SMR learning was highly positively correlated to commission error reduction (pr 0.79, p , 0.001) when controlling for beta1 learning, while the opposite relation was found for beta1 learning and commission error reduction (pr À0.71, p , 0.001) when controlling for SMR learning. Furthermore, improvement in d9 scores were again positively associated with SMR learning (pr 0.46, p , 0.05) and negatively with beta1 learning (pr À0.4, p 0.07).
Mean P3b amplitudes to target stimuli across frontal (F3, FZ, F4), central (C3, CZ, C4) and parietal (P3, PZ, P4) scalp regions were found to have increased signi®cantly after training (t(d.f. 14) À2.36, p , 0.05, see Fig. 2a) . A linear regression model predicting P3b increments based on neurofeedback learning indices approached signi®cance (F(2,14) 3.68, p 0.057, R 2 0.38). Both beta1 (r 0.55, p , 0.05) and SMR learning (r 0.49, p 0.064) correlated positively with P3b increases (see Fig. 2b ).
DISCUSSION
These results represent a successful enhancement of attentional performance in healthy volunteers through EEG operant conditioning techniques. Performance on a sustained attention CPT was signi®cantly improved on measures of impulsiveness (commission errors) and perceptual sensitivity (d9) after training. Importantly, both the signi®-cant reduction in impulsive errors and d9 increments could successfully be predicted on the basis of regression models of indices of learning ability to increase relative and absolute SMR and beta1 amplitudes within each session. Such relationship has, to the authors' knowledge, not previously been documented. Relative success at SMR enhancement correlated positively with attention performance improvement, while the opposite was true for learned beta1 enhancement. Furthermore, signi®cant increments in the P3b auditory ERP were detected on a task that required active monitoring and detection of auditory target stimuli. In contrast to the behavioural measures, P3b increments were positively correlated to both beta1 and SMR learning.
The relationship between learning to enhance SMR over sensorimotor cortex and reduced impulsiveness is in accordance with prior research on the treatment of hyperactivity [6] . These ®ndings of improved response inhibition lend further support to the notion that SMR training may lead to increased inhibitory activity in thalamic nuclei interacting with somatosensory and semsorimotor cortex [10] .
While from the current investigation no conclusions can be drawn as to beta1 training ef®cacy in omission error reduction, our results indicate a counterproductive in¯u-ence of beta1 training on reducing impulsivity/hyperactivity. The fact that, although SMR and beta1 learning were highly positively correlated, these indices displayed highly divergent covariations with behavioural measures, supports a claim to their respective protocol speci®city, as well as discounting an interpretation of our results as simply re¯ecting individual differences in some generic learning factor (e.g. motivation). When considering the protocols' opposite relations to behavioural attention measures, the fact that both beta1 learning and SMR learning were positively correlated to increased P3b amplitudes may appear puzzling. However, it has to be kept in mind that the P3b indexes attention-modulated allocation of perceptual resources, not activity re¯ecting subsequent motor response tendencies. Our data could thus be interpreted as showing that both beta1 and SMR training improve cognitive integration of sensory input, presumably by affecting top-down resource allocation, whereas their impact on subsequent motor response is counteractive. The combination of enhanced signal-to-noise ratio in stimulus processing with an impulsive response tendency would seem to be in accordance with beta1 training's conceptualisation as heightening activity in a noradrenergic vigilance network, which has been associated with fast but commission error-prone response tendencies in current models of attention [17] .
The main weaknesses associated with the current study could be argued to lie with its pure within-subjects design which necessitated the protocol's differential relations to the outcome measures to be determined by means of partial correlation coef®cients, and which did not include a between-subjects control group comparison. However, the chosen CPT has been shown to be of high test-retest reliability (free of any practice effects) even at very brief inter-test intervals [18] . Similarly, mid-latency ERP measures such as the P3b are known to replicate reliably when recorded under identical experimental conditions and have been linked with time-stable constructs like personality traits [19] . In order to empirically clarify these issues, a similar investigation that has different groups of subjects trained on different protocols is currently under way in our laboratory.
CONCLUSION
This study presented novel evidence for frequency-speci®c effects of EEG biofeedback over sensorimotor cortex on attention performance in healthy volunteers, both in terms of behavioural CPT measures and of event-related brain potentials re¯ecting allocation of perceptual resources. Recent advances in the characterisation of various neurological disorders in terms of their thalamocortical dysrhythmic properties [20] offer the potential for more wideranging applications of neurofeedback, a prospect which necessitates extensive research into the precise mechanisms mediating all aspects of the training's ef®cacy. 
